I N T RO D U C T I O N
Three independent lines of evidence provide constraints on pre-drift continental reconstructions: continental outlines and associated geological correlations, ocean-floor magnetic anomalies, and curves of apparent polar wander (Frei & Cox 1987) . Reconstructions of the North Atlantic bordering continents using each of these methods are similar but far from identical. As recognized by several authors, differences between the results of these several approaches are due in large part to marginal extension immediately prior to and during rifting. Thus, because of extension, one should not expect to find exact correspondence between reconstructions based on palaeomagnetism and reconstructions based on the shape of continental margins. This follows because the former reflect the relative position of the undisturbed cratons (from which most palaeomagnetic poles are derived), whereas the latter are based on the relationship between continental margins that may have extended significantly during breakup. For this reason any valid palaeomagnetic reconstruction should yield some degree of continental overlap, with the amount of overlap providing a rough estimate of extension accompanying rifting (e.g. Fig. 1 ).
The tectonic significance of the lack of close agreement between palaeomagnetic and other types of reconstructions has been discussed recently by Torsvik et al. (2001) . These authors employ a large, not highly selected data set to characterize apparent polar wander (APW) for North America and Europe, using a 20 My running mean. Their analysis is well argued and should be consulted in conjunction with this article.
Our approach to this problem is similar but simpler and yields somewhat different results. In particular, it yields a quantitative estimate of pre-and syn-rifting extension that is surprisingly large. Because it relies on curve-fitting and thus requires fairly large sets of high-quality data for accuracy, analysis is limited to the relative motions of North America and Europe and ignores other plates and lithospheric fragments (most notably Iberia and Greenland).
In illustrations throughout this paper, North America is held fixed. In illustrations other than those showing the present configuration of the continents, Greenland is rotated into North American coordinates after Bullard et al. (1965) .
M E T H O D S A N D A P W P A T H S
Our analysis consisted of two steps. First we compiled lists of reliable palaeomagnetic poles for stable Europe and North America. The time interval considered was Permian through earliest Jurassic; ∼300 to 200 Ma. We chose this interval because it encompassed the initial steps leading to the breakup of continents around the North Atlantic, and also because, as will be seen, the distribution of palaeomagnetic poles for this interval can be fit reasonably well by a single small-circle path. Restoring northern Europe to its pre-drift location relative to North America using the purely palaeomagnetic reconstruction of Frei & Cox (1987) results in unacceptable overlap. Lines crossing Newfoundland and the British Isles represent the Iapetus suture, after Phillips et al. (1976) and Williams et al. (1972). yet included in the IAGA list also were used. We rejected any pole from rocks about which there appeared to be substantial uncertainty regarding either age or structural setting. Some useful data no doubt were omitted, but for this type of analysis it is important to err on the side of caution. Poles included are listed in Tables 1 and 2. In  Table 1 , poles from southwestern US (essentially the Colorado Plateau region) have been rotated clockwise 10.5
• about a rotation pole located at 35
• N. 102
• W (Kent & Witte 1993; Steiner 1998; Beck & Housen, submitted) . Alternative calculations using smaller rotation angles degraded the fit of North American poles to a small circle, but changed the overall results of our analysis very little.
The second step was the purely mechanical one of fitting small circles to the list of poles; results summarized in Table 3 and illustrated in Fig. 2 .
W H Y S M A L L C I R C L E S ?
The method of characterizing APW by use of small circles (the palaeomagnetic Euler pole-PEP-concept) originated with Gordon et al. (1984) . These authors reasoned that, if APW is the result of the movement of lithospheric plates with respect to the earth's spin axis, it follows that the mathematics used to describe plate displacements should apply equally to the apparent displacement of the palaeomagnetic pole. Gordon et al. (1984) showed that Permian through Cretaceous APW of North American could be described reasonably well by two small circles-that is, by two periods of uniform rotation, separated by a single episode of abrupt change (the so-called 'J1 cusp') at about 200 Ma Subsequently May & Butler (1986) suggested that a better fit can be obtained by adding another small-circle (and thus a second cusp, at about 160 Ma), although this has engendered considerable controversy.
The logic underlying the PEP concept seems impeccable, but its use has been criticized. Several authors (e.g. Beck 1989 ; Van der Voo Ekstrand & Butler (1989) ; (2) Smith & Noltimier (1979) ; (3) Kodama et al. (1994) ; (4) Prevot & McWilliams (1989) ; (5) Witte & Kent (1990) ; (6) Kent & Witte (1993) ; (7) Reeve & Helsley (1972) ; (8) Bazard & Butler (1991) ; (9) Witte et al. (1991) ; (10) Larochelle & Currie (1967) ; Robertson (1967) ; (11) Bazard & Butler (1991) ; (12) 1993) have expressed doubt that plate motions can be characterized adequately by smooth motion about a single stationary Euler pole for periods as long as 10 7 to 10 8 yr, as postulated originally by Gordon et al. (1984) . In view of the low momentum of even the largest plate, plus the range of geological 'edge effects' that can significantly alter the balance of forces driving plate motions, periods of no more than a few million years would seem more reasonable. However, for 10 8 yr during Permo-Triassic time the PEP construction provides at worst a useful first approximation of APW (Fig. 2) . The 20 My running-average APW points for the interval 300 to 200 Ma of Torsvik et al. (2001) also are well-fit by our small circles (Fig. 3) ; the rms deviations of the Torsvik et al. (2001) data are 1.96
• for North America and 2.57
• for Europe. Only at the 'young' (200 Ma) end of the path is there an important difference, almost certainly because the running-mean method artificially smoothes the abrupt change in APW direction that occurred at 200 Ma.
E F F E C T O F R E C O N S T R U C T I O N S O N A P W P A T H S
In this section we examine various well-known reconstructions (Table 4 ) to see which do the best job of superimposing the 300-200 Ma APW paths of North America and Europe. The APW paths with the continents in their present (unrestored) configuration is shown for reference in Fig. 4(a) .
Rotating the European APW path into North American coordinates using the classical continental-outline fit of Bullard et al. (1965) produces excellent agreement of the older (300 Ma) ends of the APW paths, but the two curves diverge with time (Fig. 4b) , possibly reflecting Permo-Triassic pre-rifting extension within one or both continental margins.
In contrast, reconstructions for later times more nearly superimpose the 200 Ma ends of the two APW paths but leave the older ends far separated. For instance, the Srivastava & Tapscott (1986) pole, thought to be appropriate for the initial opening of the North Atlantic (∼105 Ma), produces fair coincidence at the young (200 Ma) end of the APW but leaves the older (300 Ma) ends far apart (Fig. 4c) . The reconstruction of Rowley & Lottes (1988) , primarily an attempt to minimize overlap of continental fragments and tectonic features in the Arctic region, is similar (Fig. 4d) , as is the 170 Ma reconstruction (Fig. 4e) of Royer et al. (1992) . Not shown is the 'optimized' North Atlantic fit of Torsvik et al. (2001) , which begins with the Bullard et al. (1965) reconstruction for the interval 300 to 214 Ma, then gradually evolves by interpolation to an anomaly fit at 54 Ma. From  Fig. 4(b) the Bullard et al. (1965) fit is appropriate for 300 Ma but not for 214 Ma. From these examples it is clear that reconstructions based on matching continental outlines, geological features and/or magnetic anomalies do not provide a satisfactory fit of the APW paths.
Reconstructions based entirely on palaeomagnetic APW paths are equally unsatisfactory in that they produce an unacceptable degree of continental overlap (Figs 4f and g ). Clearly there is a fundamental difference between reconstructions based on the superimposition of palaeomagnetic APW paths and those based on other methods; the difference arises primarily because the APW method calls for much greater angles of rotation (Table 4) .
S H O U L D T H E A P W P A T H S S U P E R I M P O S E ?
If relative displacement between Europe and North America began later than 200 Ma, then there should be a single finite rotation that superimposes the European and North American 300-200 Ma APW paths and also restores the continents to their pre-drift position. However, as previously illustrated, precise superimposition of the European and North American 300-200 Ma paths produces unacceptable overlap of Europe on NE North America. The problem presumably lies with an underlying assumption; that all parts of Europe and North America remained stationary with respect to one another prior to 200 Ma. More likely the two continental interiors were actively separating, and what are now marginal areas of the North Atlantic were actively extending, during the interval 300-200 Ma.
The Bullard et al. (1965) rotation provides a close match of the 300 Ma ends of the North American and European APW paths (Fig. 4b) . The Bullard reconstruction also very nearly aligns the Iapetus suture (Fig. 5) transecting Newfoundland and the British Isles (Phillips et al. 1976; Williams et al. 1972) . Reconstructions for later times, based on oceanic magnetic anomalies, leave the Tables 1 and 2 ; small-circles in Table 3 . Bullard et al. (1965) ; (c) corrected after Srivastava & Tapscott (1986) ; (d) corrected after Rowley & Lottes (1988) ; (e) corrected after Royer et al. (1992) ; (f) corrected after Frei & Cox (1987) ; (g) palaeomagnetic best-fit reconstruction from this paper.
ends of the two APW paths. To determine the correct pole other (non-palaeomagnetic) constraints are required.
The choice can be narrowed by using the amount of rotation as a rough constraint. The total rotation involved in a 200 Ma reconstruction probably ought to lie in the range ∼38 to ∼23
• , these being the approximate rotation angles involved in the Bullard et al. (1965) reconstruction, which we take to be valid for 300 Ma, and the Royer et al. (1992) reconstruction at 170 Ma. After applying this constraint, the range of plausible rotation poles remains quite broad (Fig. 6) .
To narrow the selection further we need to examine the effect of the rotation on the placement and alignment of northwestern Europe with respect to northeastern North America. For example, the extreme values of rotation can be eliminated; the maximum (38 • ) rotation clearly is too great (Fig. 7a) , whereas the minimum (23 • ) rotation is far too small (Fig. 7b) From the range of plausible rotation poles still remaining we have selected two:
The first (Fig. 8) superimposes the 200 Ma ends of the APW paths while minimizing the displacement of the British Isles from their pre-stretching position, taken to be the Bullard et al. (1965) fit (shown in Fig. 8b ). Because it also minimizes the subsequent estimate of pre-200 ma continental extension we refer to this as the 'minimum' reconstruction. This is 76.3
• N, 177.0 • E, with a rotation angle of 32.8
• . Our 'preferred' 200 Ma reconstruction (Fig. 8c) requires more apparent displacement of the British Isles (and hence a larger estimate of pre-200 Ma continental stretching), but it more nearly maintains Iapetus suture the alignment of the Iapetus suture. This rotation pole is 77.0
• N, 165.75
• E, with a rotation angle of 35 • .
P R E -R I F T E X T E N S I O N : 3 0 0 T O 2 0 0 M A
If the difference between the Bullard reconstruction and the 200 Ma reconstruction is due to extension during the Late Permian and Triassic, it follows that the finite-difference rotation between these configurations gives an Euler pole that can be used to describe the extension. For the 'preferred' reconstruction this pole is 24.3
• N. 9.3
• E, with a total rotation of 9.4
• ; for the 'minimum' rotation it is 35.9
• N, 177.0 • , with a rotation angle of 10.6
• . Extension amounts are approximately 800 km for the 'preferred' case and 500 for the 'minimum' case (Figs 9a and b ).
An interesting feature of this inferred Permo-Triassic extension is that its direction was nearly parallel to the margins of the nascent North Atlantic Ocean. In this it resembles the modern tectonic geometry of the Gulf of California (e.g. Umhoefer 2000) . Early relative motion between stable Europe and North America involved an element of sinistral shear (Figs 9a and b) , as was noted previously by Frei & Cox (1987) . This might be expected to have important geological consequences which, however, for the most part are beyond the scope of this paper. As an example, anti-clockwise rotations in the Newark basin of Pennsylvania determined palaeomagnetically by Kodama et al. (1994) might be attributable to this phase of sinistral shear.
P R E -R I F T E X T E N S I O N : 2 0 0 T O 1 0 5 M A
If we accept the Srivastava & Tapscott (1986) reconstruction for the initiation of ocean-floor spreading in the North Atlantic at 105 Ma, then, as in the preceding section, it follows that continental extension between 200 Ma and 105 Ma can be modelled as a finite rotation of 9.6
• about a pole located at 69. 7N, 196 .1E (Fig. 10a) for the preferred 200 Ma reconstruction, or 7.8
• about 61.1
• N, 216.5
• E, 7.82
• for the minimum reconstruction (Fig. 10b) . With either reconstruction, extension during this younger phase was more nearly parallel to the subsequent direction of ocean-floor spreading and thus at a considerable angle to the direction of extension during the interval 300 to 200 Ma. This seems to require some sort of tectonic transition at about 200 Ma, perhaps coincident with the J1 cusp of Gordon et al. (1984) and the 'geologically instantaneous' emplacement of Central Atlantic magmatic province basalts (Hames et al. 2000) , both dated at about 200 Ma.
D O E S T H E G E O L O G Y A G R E E ?
Adding the two finite rotations gives a pole for the total extension of continental margins across the North Atlantic from 300 to 105 Ma. Using the preferred 200 Ma reconstruction this total-extension pole is 23.5
• N, 186.1
• E, with a rotation angle of 12.9
• ; using the 'minimum' 200 Ma pole it is 4.4
• N, 174.5
The maximum amounts of extension are about 1450 km for the preferred model, and about 1150 km for the minimum model (Fig. 11) .
The middle great-circle segment shown in Fig. 11(a) . extending from Cabot Strait, separating Nova Scotia from Newfoundland, to the coastline near Bergen, Norway, is approximately 2250 km long. If this represents the full width of continental crust immediately prior to the onset of extension, then 1435 km of pre-rifting extension represents a total stretching of less than 65 per cent, which clearly is not excessive (see, for comparison, Snow & Wernicke 2000) .
The history described above calls for two distinct episodes of crustal extension, with a change in extension direction at about 200 Ma. However, because the direction of extension appears to have changed by <30
• , any resulting change in structural trends might be difficult to recognize. This is especially true if, as concluded by some authors, (e.g. Doré et al. 1997) , pre-existing There is an abundance of literature on the stratigraphy of the continental shelf regions near Newfoundland and in the North Sea area, largely owing to petroleum exploration. Rifting of both PermoTriassic and Jurassic-early Cretaceous age occurred in the European continental margin (e.g. Doré et al. 1999) , resulting in thick accumulations of sedimentary rocks in the southern North Sea area (Cameron et al. 1992) , the central North Sea area (Erratt et al. 1999) , and elsewhere (see reviews in Tankard & Balkwill 1989; Fleet & Boldy 1999) . Moreover, episodes of Permian, Triassic and Jurassic rifting are widely recognized in the British Isles (Whittaker 1985) and elsewhere in northwest Europe (Boldy 1995) . Sedimentary deposits of these ages are sufficiently thick and widespread to be consistent with important crustal thinning.
However, evidence of pre-Jurassic rifting of the North American continental margin is limited. There are thick Upper Triassic sequences in various continental-margin basins on the Grand Banks and elsewhere nearby (e.g. Tucholke et al. 1989; McAlpine 1990 ), but phases of Permian and Early Triassic extension do not seem to have been recognized; indeed, Enachescu (1988) describes the Permian and Early Triassic of the Grand Banks as a time of erosion. Continental margin clastic basins throughout the Appalachians contain sedimentary material as old as Middle Triassic, but apparently not older (Olsen 1997) . Thus, if crustal extension was active in the Permian and Early Triassic it seems mainly to have been confined to the area now forming the European continental margin.
S U M M A R Y A N D C O N C L U S I O N S
Our analysis of North American and European Permian-Late Triassic apparent polar wander (APW) reaffirms that pre-drift reconstructions based on either continental outlines or early seafloor magnetic anomalies do an unsatisfactory job of superimposing the two APW paths. Similarly, reconstructions based solely on APW do not yield a satisfactory realignment of the respective continental margins; invariably the palaeomagnetic reconstructions result in unacceptable overlap of continental crust. This appears mainly to be the result of extension in the zone of incipient rifting, before the onset of seafloor spreading. The analysis suggests amounts of stretching that are surprisingly large; up to perhaps 1400 km between Newfoundland and Norway. This stretching appears to have comprised two distinct phases, with the earlier (pre-200 Ma) phase having an important oblique (sinistral) transtensional element.
In a related study, Van der Voo & Torsvik (2000) consider the problem of the existing lack of agreement between APW paths for Laurussia and Gondwana, which has led to a multitude of alternative Pangea reconstructions (e.g. Van der Voo 1993) . They conclude that zonal harmonics of the geomagnetic field may be at fault; that is, that the time-averaged field was not strictly dipolar, as commonly assumed. Because the discrepancies considered in this paper (between portions of Laurussia) are mainly east-west, they would be little affected by zonal harmonics. However, in light of the surprisingly large extension apparently accompanying rifting in the North Atlantic, we wonder if the answer to the Pangea problem may also lie in deformation of the continental margins.
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